Introduction
The steelmaking process using steel scrap requires only about 30% of the energy consumption necessary for reduction of iron ore in the blast furnace. Although blast furnace operators in Japan have achieved the world's highest levels of energy efficiency, a higher scrap utilization ratio is required for further energy saving. It is also important to promote utilization of scrap procured in the market from the viewpoint of recycling of iron resources. Domestic generation of scrap increases almost proportionally with the steel stock. 1) Therefore, utilization of steel scrap should be considered an important issue.
The main obstacle to the utilization of steel scrap is contamination by tramp elements from the scrap.
2) Among those elements, Cu is the most serious problem due to its particularly harmful influence on steel quality and the high probability of Cu contamination of recycled scrap. Several investigations and estimations have been made regarding the content of Cu in steel scrap. [3] [4] [5] [6] Most of them project an increase in Cu content, possibly up to 1.5 times in 30 years, due to contamination by Cu sources such as electric cables and motor cores in recycled scrap. Therefore, removal of Cu is a key technology for promoting utilization of steel scrap.
The amount of steel scrap has increased since the 1980s, and many studies have been done on Cu removal methods.
Fundamental Investigation on Removal of Copper from Molten Iron with Na 2 CO 3 -FeS Fluxes
Yu-ichi UCHIDA, 1) * Akitoshi MATSUI, 1) Yasuo KISHIMOTO 2) and Yuji MIKI (Received on December 3, 2014 ; accepted on April 27, 2015 ; originally published in Tetsu-to-Hagané, Vol. 100, 2014, No. 6, pp. 769-777) In order to promote utilization of scrap procured in the market and reduction of energy consumption in iron-and steelmaking, it is necessary to develop a practical method of Cu removal. In this study, Cu removal from hot metal by sulfidation of Cu was identified as a potential candidate for industrial use and was investigated in laboratory experiments using ferrous sulfide (FeS) and sodium carbonate (Na 2 CO 3 ) as commercially-available fluxes. A laboratory experiment on removal of Cu from hot metal was carried out using a 10 kg-scale furnace. Cu removal occurred while feeding the Na 2 CO 3 -FeS fluxes, and stopped after the end of flux feed. In the experimental temperature range, lower temperatures were advantageous for Cu removal, reflecting the exothermic nature of Cu sulfidation. The dependence of Cu removal on the composition of the hot metal was also confirmed based on an analysis focusing on the Cu partition ratio. The difference in the Cu partition ratio in the present study and in the literature, in which pure Na 2 S was used as a Na source, was interpreted in terms of the optical basicities of the components in the melt.
KEY WORDS: Cu removal; hot metal; sulfidation; flux; ferrous sulfide; sodium carbonate; Cu partition ratio.
The methods of removing Cu that cannot be separated by mechanical procedures can be broadly classified into two types. One is Cu removal from solid scrap and the other is Cu removal from molten scrap. With solid scrap, only the Cu at the surface of the scrap can be removed, and Cu as a contaminant in the body of the recycled steel scrap cannot be removed. [7] [8] [9] In contrast, Cu removal from molten scrap is theoretically applicable to all the Cu contaminant in scrap. However, from the thermochemical viewpoint, it is difficult to remove Cu from molten metal by oxidation, which is the basic technique in the steelmaking process. Several laboratory studies on Cu removal have investigated methods other than oxidation, e.g., evaporation under high vacuum or plasma 10, 11) and application of reactive gas, 12, 13) but none of these methods has been realized commercially. Among the proposed methods, Cu removal by sulfide fluxes based on preferential sulfidation of Cu relative to Fe is considered a promising candidate from the industrial viewpoint because conventional refining equipment used in the steel industry can be applied and this method is also suitable for mass treatment. The pioneering work on this subject was done by Langenberg et al., 14) and was followed by work by Imai et al. 15) and Wang et al., 16, 17) who reported excellent research on the equilibrium of copper removal in a carbon-saturated iron melt by sulfide fluxes. According to their reports, addition of alkaline sulfides and alkaline earth sulfides to FeS-based fluxes enhanced decopperization, alkaline sulfide being preferable to alkaline earth sulfides. Reports focusing on the kinetics of Cu removal have also been published by Liu et al. 18) and Chen et al., 19) who used FeS-Na 2 S flux. In most previous work, the Na source was Na 2 S, which was prepared from its hydrate. However, Na 2 S is a highly reactive compound and easily reacts with oxygen or moisture in atmosphere, making it difficult to handle for industrial use.
Sodium carbonate (Na 2 CO 3 ) is known as a stable Na source in industrial applications and is promising for practical use. However, little research has been carried out with Na 2 CO 3 as a Na source for decopperization refining by sulfide fluxes.
In this study, Cu removal from hot metal by Cu sulfidation was investigated in laboratory experiments using sodium carbonate and ferrous sulfide as commerciallyavailable fluxes in order to obtain information that contributes toward industrial application.
Principle of Cu Removal by Sulfidation
Although it is thermodynamically difficult to oxidize Cu in hot metal, Cu removal by sulfidation is possible based on the strong affinity of Cu with S. The sulfidation reaction of Cu in hot metal is shown in Eq. (1) . From the equation, the preferable conditions for promoting Cu removal are high [Cu] activity, high [S] activity, and low (CuS 0.5 ) activity in slag. In addition, lower temperatures are advantageous because this reaction is exothermic. Here, K is the equilibrium constant, γ M and X M are the Raoultian activity coefficient and mole fraction of component M, respectively, and f M and [%M] is the Henrian activity coefficient and weight percentage of component M. Concerning the hot metal conditions, it is known that carbon in hot metal raises the activity coefficients of Cu and S. Therefore, Cu removal in the hot metal pretreatment process is advantageous because high carbon content and high sulfur content in metal, and low temperature conditions are allowable.
Experimental Method
Cu removal from hot metal was carried out in a laboratory furnace. An outline of the experiment is shown in Fig. 1 . 10 kg of hot metal with a high carbon content was prepared from pure metal in a high frequency induction furnace, and copper and sulfur were added to obtain the specified composition. Flux was added to the metal from the top in several batches. The hot metal and fluxes were mechanical stirred by an impeller to ensure sufficient mixing. The crucible and impeller were made of graphite. Ar gas was induced above the hot metal surface in order to avoid the entrainment of air. The induction current of the furnace was controlled to maintain a constant hot metal temperature. During the experiment, the hot metal was sampled for use in chemical analysis. After impeller stirring was stopped, the slag was sampled from the hot metal surface with a steel sampler and was immediately quenched on a steel plate. The quenched sample was ground into powder and was used for chemical analysis and XRD measurement.
The main experimental conditions are listed in Table  1 . The temperature and composition of the hot metal, flux addition speed, etc. were changed in a series of experiments. Reagent grade Na 2 CO 3 (Wako Pure Chemical Industries, Ltd., assay min. 99.8%) was used as the Na source. As the S source, practical grade FeS(II) (Wako Pure Chemical Industries, Ltd.), which is a stoichiometric compound, was used. The FeS content of the FeS(II) was confirmed to be more than 95 mass% by chemical analysis. The FeS was originally massive and was crushed to a grain size of 1 mm or less.
The flux was prepared by mixing powdery Na 2 CO 3 and FeS at a predetermined ratio. When the flux is added to hot metal, Na 2 CO 3 and FeS react as follows:
Na CO FeS C Na S CO Fe In order to form Na 2 S-FeS slag, a larger amount of FeS(II) should be mixed in the flux than the chemical equivalent for the reaction (5). The amounts of Na 2 CO 3 and FeS(II) were determined so that the sum of the formed Na 2 S and the remaining FeS would form 500 g or 1 000 g of Na 2 S-FeS slag, assuming that all the Na in Na 2 CO 3 reacts into Na 2 S according to the reaction in Eq. (5). For example, flux comprising 250 g of Na 2 CO 3 and 520 g of FeS gives 40Na 2 S-60FeS slag (in molar ratio).
The flux feed rate varied, depending on the amount charged in one batch and the interval between charges. Concretely, charging of 77 g in each batch at 30 second intervals and 1 minute intervals correspond to a flux feed rate of 154 g min − 1 and 77 g min − 1 , respectively, and charging of 38.5 g in each batch at 1 minute intervals corresponds to 38.5 g min − 1 . Most of the experiments were carried out at a flux amount of 770 g and a flux feed rate of 77 g min − 1
.
Results
The experimental results are shown in Tables 2 and 3 
, which is given as the ratio of the final Cu concentration in hot metal [Cu] f (in mass%) and the final Cu concentration in slag (Cu) f (in mass%), are also shown in Table 2 .
Na 2 CO 3 and FeS were stable when they were handled in the experiment. Although the initial compositions of the hot metal were varied intentionally in order to obtain various results, it should be mentioned that similar results were obtained in a preliminary experiment at the same hot metal composition and flux amount. Table 3 . Compositional analysis of slag at the end of each run. . The initial Cu contents in the hot metal in these experiment were nearly the same, and the final Cu contents in the hot metal were all 0.2 mass% with the total flux amount of 770 g. As shown in the figure, Cu removal occurred while feeding the fluxes, and stopped after the end of flux feed.
In visual observation inside the crucible during the experiment, the slag did not float on the hot metal and was drawn into the hot metal by impeller stirring. The calculated stirring intensity under the present experimental conditions (impeller dimensions, rotation speed and immersion depth) is 361 W ton − 1 . 20) This value is larger than the critical stirring intensity of 200 W ton − 1 in an experiment reported by Kikuchi et al. At that intensity, the desulfurizing flux was entrained and the desulfurizing rate increased drastically in a 4-ton hot metal desulfurizing experiment with mechanical stirring. 21) The melting points of FeS, Na 2 S, and CuS 0.5 as a decopperization product are 1 460 K, 1 448, and 1 398 K, respectively, 22) each temperature being lower than the lowest experimental temperature of 1 507 K. It should be also noted that the liquidus temperature of 40Na 2 S-60FeS (in molar ratio) binary slag is around 973 K. 22) Moreover, the slag that floated on the hot metal after the experiment appeared to be a homogeneous liquid, independent on the amount of flux.
The preliminary experiment with a resistance furnace (4 kg hot metal), in which Na 2 CO 3 -FeS flux was added in bulk to the hot metal and was held for 1 hour without stirring, showed that the Cu content in the hot metal was constant after flux melting in visual observation.
Such information supports the conclusion that slag is rapidly formed after flux addition. Therefore, the decopperization reaction occurs quickly during flux addition and stops when flux supply ends, as shown in Fig. 2 . Within the range of flux feeding rates in the present experiments, one can assume that the system is near the equilibrium state after flux supply. Figure 3 shows the change in [Cu] at various temperatures. In this experiment, the total amount of fluxes (770 g) and the flux feed rate (77 g min − 1 ) were constant at all temperatures. Although the initial [Cu] values were different at the different temperatures, the decrease in [Cu] was larger at the lower temperatures of 1 519 K and 1 579 K than at the higher temperature of 1 677 K. This reflects the abovementioned tendency that lower temperatures are advantageous for sulfidation of Cu.
In Fig. 3 , the Cu content in the hot metal changed from 0.30 mass% to 0.18 mass% at 1 519 K and from 0.31 mass% to 0.20 mass% at 1 579 K. If steel scrap procured in the market is recycled without removing Cu, the Cu content in steel products will gradually increase with repeated recycling. For example, the Cu content in steel bars is estimated to increase from the present level of 0.2 mass% to the upper limit of 0.3 mass%.
4) The present result shows the possibility of preventing this Cu increment by using Na 2 CO 3 -FeS flux, and also the possibility of practical Cu removal.
The sulfur content in hot metal increases with the addition of Na 2 CO 3 -FeS fluxes. Figure 4 shows the change in [S] for the same run as in Fig. 3 . At each temperature, the S content in the hot metal increased while feeding the fluxes, and became constant after the end of flux feed. Moreover, the S content in the hot metal decreased as the temperature decreased.
The reaction between FeS in sulfide slag and S in hot metal is denoted as below. Based on Eq. (8), it is estimated that the S content in the hot metal increases with lowering hot metal temperature. However, the temperature dependence of the S content in Fig. 4 is opposite to such a thermochemical estimation for simple sulfur reaction.
The observed behavior of [S] would be the influence of the sulfidation of Cu in hot metal. As shown in Fig. 3 , the amount of removed copper is larger for lower temperature, which leads to the larger amount of removed sulfur based on Eq. (1). Furthermore, according to the previous research, the higher content of (CuS 0.5 ) in slag as the reaction product results in a lower activity of FeS in the slag. 16) This may suppress the activity of sulfur in the metal. Therefore, the S content in the hot metal would decrease with lowering hot metal temperature in the present temperature range.
A typical XRD pattern of slag taken with a Co-Kα tube at room temperature is shown in Fig. 5 . The pattern shows a broad peak due to the existence of an amorphous phase. A set of peaks from Na 3 Fe 2 S 4 23) overlaps the pattern. Even though Na 3 Fe 2 S 4 is not a stoichiometric compound of Na 2 S and FeS, this suggests that, at least, a Na-Fe-S melt formed during the experiments. Na 3 Fe 2 S 4 might be separated from the melt during quenching of the sample. It is worth men- tioning, here at this point, that small peaks for Na 2 CO 3 are also observed in the pattern. A similar XRD pattern was also obtained for another slag sample. Characteristic peaks from Cu compounds such as Cu 2 S were not observed due to the relatively low Cu content in the slag (2.28 mass% for the slag in Fig. 5 ).
Discussion
As mentioned above, the slag in the present study is considered to form a homogeneous liquid melt at the experimental temperature. Therefore, the slag melt consists of cations and anions such as Cu + , Fe 2 + , Na + , S 2 − , O 2 − . For the purpose of thermochemical analysis, however, the constituents of the slag are treated as molecular species as in Eq. (1) for convenience in the following discussion.
A thermochemical evaluation of the decopperization reaction can be made in terms of the Cu distribution ratio,
, using the final Cu concentration in hot metal [Cu] f (mass%) and the final Cu concentration in slag (Cu) f (mass%). Although the discussion based on the Cu distribution ratio and the following equilibrium constant for the present data are not based strictly on the equilibrium state, it is worth evaluating the present data in order to understand the behavior Wang et al. showed that a higher (CuS 0.5 ) content in slag led to lower activity of FeS in the slag, 16) and as a result, the activity of sulfur in the metal was reduced. Therefore, Cu removal at higher [Cu] in the hot metal may result in a lower Cu partition ratio due to the decreases in the Cu activity and sulfur potential. The present results in Fig. 7 are not qualitatively inconsistent with the previous results. promoted as [C] increased. 25) All these behaviors support the present behavior, in which a higher [C] concentration is advantageous for promoting Cu removal.
The hot metal composition in the present experiment became constant after flux supply. On the assumption that equilibrium between the slag and the metal is achieved at final sampling, the thermochemical discussion is as follows.
First, the effect of the carbon content in the hot metal on the Cu partition ratio is considered based on the equilibrium relation denoted by Eq. where e Cu C and e S C are interaction parameters for copper and sulfur with carbon, respectively, and C and C' are constant. Among the effects of the hot metal composition, the sulfur content has a large influence on the Cu partition ratio in the present study. The effect of the sulfur content on the Cu partition ratio is considered to be expressed by the following formula derived from Eq. (3). All the data in this study are plotted in Fig. 10 . In spite of some scattering due to the difference in the hot metal composition in each experiment, K' shows a higher value at lower temperature. This tendency qualitatively agrees with the results in Fig. 3 , in which a lower temperature resulted in a larger decrease in [Cu] in the hot metal.
Alternatively, K' was calculated based on material balance of Cu, S and CuS 0.5 under a typical condition of the present work in which 500 g of 40Na 2 S-60FeS slag was added to and equilibrated with a 10 kg of carbon-saturated hot metal with initial copper content of 0.3 mass%. The activity coefficients f Cu and f s , which are necessary to calculate [%Cu] and [%S] , are obtained from the interaction parameters of carbon and sulfur on copper and sulfur, respectively. 26) The temperature dependence of the interaction parameter is evaluated based on the regular solution concept. Carbon content at saturation and sulfur content in equilibrium with FeS in slag are employed in the calculation. If γ CuS 0.5 is given, (%CuS 0.5 ) and also K' for the Na 2 S-FeS-Cu 2 S model slag can be obtained using temperature dependence in Eq. (2). Therefore, K' for Na 2 S-FeS-Cu 2 S slag is determined when γ CuS 0.5 is given. Wang et al. reported the relationship between X NaS 0.5 and γ CuS 0.5 for Na 2 S-FeS-Cu 2 S slag at 1 673 K. 16) According to their results, the value of γ CuS 0.5 is 0.82 for the slag composition of X Na 2 S = 0.4, which is close to the initial composition of the present slag. The calculated dependence of K' on temperature at γ CuS 0.5 = 0.82 is shown by the solid line in Fig. 10 , assuming that γ CuS 0.5 is constant against temperature in this calculation. The values of K' in the present study are lower than the calculated K' after 
Wang et al.
One possible reasons for the difference between K' in the present study and the calculated result is due to use of the carbon saturated concentration in the calculation; however, this is not sufficient to explain the entire difference. Therefore, another reason related to the slag composition is considered. As a comparison, K' for Na 2 S-FeS-Cu 2 S slag is calculated at various γ CuS 0.5 , and is shown as the dashed lines in Fig. 10 . The values of K' in the present study lie between the dashed lines at γ CuS 0.5 = 1.0 and 1.9. The lower K' and related higher γ CuS 0.5 in the present study may reflect the fact that the copper sulfide in the present slag is in a relatively unstable state in comparison with pure Na 2 SFeS-Cu 2 S slag.
In copper removal from hot metal using Na 2 CO 3 and FeS as starting materials, Na 2 CO 3 would decompose to generate CO 2 and Na 2 O when the flux is added to the hot metal as an alternative reaction in Eq. (5).
Na CO Na O CO Furthermore, the melting point of Na 2 CO 3 is 1 124 K, which is lower than the experimental temperature, and Na 2 CO 3 and Na 2 S form a homogeneous melt in their binary system. 27) A part of the Na 2 CO 3 may dissolve in the NaFe-S melt without decomposing to generate CO 2 . Therefore, it can be thought that the slag in this study would contain Na 2 S, Na 2 O or Na 2 CO 3 as Na compounds, unlike the pure Na 2 S-FeS slag in the previous literature.
The balance of the sum of slag components in Table 3 (Na, Fe, Cu, S, Si, Mn, P, Al, Ca, Mg) is about 9-17 mass%. The sum of the contents of Si, Mn, P, Al, Ca, Mg, which may originate from minor components of the raw material or the crucible, is < 5 mass%. If the sum of the contaminant components is subtracted from the above balance, most of the remainder would correspond to carbon or oxygen in the slag. However, even assuming all the contaminant components are oxides, an excess amount of oxygen still remains in the oxygen balance. Since Ar gas was supplied on the surface of the hot metal in the experiments in this study, oxygen (and carbon) in the slag must originate from Na 2 CO 3 in the flux. Therefore, chemical species such as Na 2 CO 3 and Na 2 O might coexist in the slag. As shown in Fig. 5 , a peak from Na 2 CO 3 was observed in the XRD measurement of the slag.
The above estimated instability of CuS 0.5 in the slag may be the result of the difference between the pure Na 2 S-FeS slag in the previous literature and the slag in the present study due to the coexistence of the species as oxides and carbonates. Therefore, the instability of CuS 0.5 in the slag formed from Na 2 CO 3 -FeS flux was further considered based on this assumption.
As mentioned above, since the melting points of FeS, Na 2 S, and CuS 0.5 , and the liquidus temperature of Na 2 SFeS binary slag are all sufficiently lower than the lowest experimental temperature in this study, the slag in this study would form a complete melt, which is like glass. Therefore, one can refer to the concept of optical basicity in order to find a key to understanding the difference in the Cu partition ratio between the pure Na 2 S-FeS slag and the present slag as shown in Fig. 10 .
Optical basicity was originally proposed for ranking a wide variety of oxidic glasses or slags in order of increasing basicity or acidity. 28, 29) Optical basicity expresses quantitatively the electron-donor power of oxide atoms in oxidic systems and correlates the various physicochemical properties of glasses. Duffy extended the optical basicity scale to fluorides and sulfides. 30) This made it possible to correlate the optical basicity of oxides, fluorides, and sulfides based on the polarizability of their anions. Therefore, one can estimate the optical basicity of a sulfide Λ(Sulfide), from that of the corresponding oxide Λ(Oxide). The relationship between Λ(Oxide) and Λ(Sulfide) is shown in Fig. 11 . The data in the figure are based on Duffy and Nakamura et al. 30, 31) Those optical basicities are in good correlation, as shown in the figure. Such a relationship can help to estimate unreported Λ(Sulfide) from Λ(Oxide) of the same cation.
The optical basicities of Na 2 S (Λ Na 2 S , 1.38), FeS (Λ FeS , 1.30), and CuS (Λ CuS , 1.28) are estimated as shown in Fig.  11 from those of the corresponding oxides. With respect to Cu, Λ CuS is derived from ΛCuO since no data are available for Λ CuO0.5 . The estimated Λ CuS is lower than Λ Na 2 S and Λ FeS .
The values of optical basicity for Cu 2 S and customer may be considered in terms of those of Cu 2 O and CuO as follows. Nakamura proposed the electron density between anions and cations as a parameter for theoretical optical basicity. 31) Concretely, the basicity moderating parameter γ is given by a function of the mean electron density D as shown in the following equations: where, α is a characteristic parameter for an anion, Z is the valency of a cation and r is the distance between the cation and anion. The bonding distance between copper and oxygen for Cu 2 O and CuO are reported as 1.84Å and 1.95Å, respectively. 32) Using these values, since the anions are both oxygen and α is constant, the mean electron densities of Cu 2 O and CuO are estimated as 0.16α and 0.27α, respectively, considering the valency of Cu for both oxides. A lower mean electron density corresponds to a higher basicity moderating parameter, and results in a lower optical basicity. 31) Since the mean electron density for Cu 2 O would be lower than that of CuO, the optical basicity of Cu 2 O is lower than that of CuO. As a comparison, in the case of FeO and Fe 2 O 3 , it is reported that the optical basicity is lower for Fig. 11 . Relationship between Λ(oxide) and Λ(sulfide).
FeO, which has a lower valency of Fe. 31) No reliable data have been reported for the bonding distance between copper and sulfur for Cu 2 S and CuS due to the complexity of the copper-sulfide binary system. However, based on the above discussion, the optical basicity of copper sulfides is estimated as Λ Cu 2 S < Λ CuS by analogy with the related oxides.
The above estimation would lead a suggestion that Cu 2 S may be relatively less basic than Na 2 S and FeS in the melt in this study. Therefore, in order to lower the activity coefficient of Cu 2 S in the slag to promote copper removal from metal, the basicity of the matrix sulfide melt (Na 2 S and FeS) should be higher, with the cations being Fe and Na rather than Cu.
Regarding the influence of Na 2 CO 3 in the slag melt on optical basicity, another few words seem to be pertinent. Although the optical basicity value of Na 2 CO 3 is not available in the literature, it might be inferred from those of Na 2 O (Λ Na 2 O , 1.15) and CO 2 (Λ CO 2 , 0.4) 31) as the constituents of Na 2 CO 3 . Since both values are lower than the estimated Λ Na 2 S , Λ FeS , and Λ CuS , one can suppose that Λ Na 2 CO 3 would be not higher than Λ Na 2 S , Λ FeS , and Λ CuS , and even Λ Na 2 O . Yokogawa mentioned that Na 2 CO 3 is less basic than Na 2 O based on the relation between the basicity and oxygen potential of Na 2 CO 3 -containing slag. 33) The optical basicities of the related compounds are shown in Fig. 12 . The presence of Na 2 O and /or Na 2 CO 3 would result in a decrease in the basicity of the slag melt in this study, and thus would lead to the decrease in the stability of Cu 2 S. This kind of influence is not inconsistent with a higher γ CuS 0.5 or with a lower L Cu for the melt prepared from Na 2 CO 3 , as shown in Fig. 11 .
A further explanation can be given for the previous results 17) mentioned in the introduction, which showed that alkaline sulfides are preferable to alkaline earth sulfides in Cu removal with FeS-based fluxes, by analogy with the fact that the optical basicities of the alkaline sulfides would be higher than those of the alkaline earth sulfides based on the comparison of related oxides.
Here, the values of K' in the present study and in the literature will be compared with respect to their temperature dependence. The logarithms of K' are shown against the reciprocal temperature in Fig. 13 . With all the slags, ln K' increased when the temperature decreased. These results clearly reflect the exothermic nature of Cu sulfidation. The values of ln K' in the present study are lower than those after Imai et al., 15) which were obtained in an equilibrium experiment with hot metal and slag with the composition of (NaS 0.5 ) = 79.9-88.5 mass%, (FeS) = 10.7-19.4 mass%, and (CuS 0.5 ) = 0.55-0.76 mass%. This difference is reasonable if one considers the lower NaS 0.5 content and the resulting lower basicity of the slag in the present study. The figure also shows the results after Matsuo, which were obtained in a laboratory experiment of decopperization with Na 2 SO 4 as the flux. 25) ln K' after Matsuo is further lower than those in the present study and after Imai et al.
Using van't Hoff's equation, the standard enthalpy change ΔH° of the following reaction, based on the relationship between ln K' and the reciprocal temperature, is as shown in Fig. 13 . The figure also shows the correlation coefficients of the regression line for each result.
ΔH° is also evaluated for the present slag assuming that the present system is in a near-equilibrium state after the end of flux addition. Although the correlation coefficient (0.65) is not particularly high, ΔH° is estimated to be -98 kJ mol − 1 . This value is close to the value of -104 kJ mol − 1 reported by Imai et al. 15) for a Na 2 S-FeS system, and was different from the value of -227 kJ mol − 1 given by Matsuo et al. 25) for Na 2 SO 4 flux. Although the coexistence of Na 2 O and Na 2 CO 3 in the slag has been suggested, the present result suggests that the decopperization behavior with Na 2 CO 3 and FeS flux is relatively more similar to that of a Na-Fe-S melt, compared to that of Na 2 SO 4 flux.
Summary
Cu removal from hot metal using sodium carbonate and ferrous sulfide was investigated at 1 519-1 677 K. The results are summarized as follows.
-Within the range of flux feed rates from 37.5 g min − 1 to 154 g min − 1 for 10 kg of hot metal, Cu removal occurred while feeding the Na 2 CO 3 -FeS fluxes, and stopped after the end of flux feed. The [S] content in the hot metal increased while feeding the fluxes.
-The decrease in [Cu] was larger at the lower temperatures of 1 519 K and 1 577 K compared to the higher temperature of 1 679 K. This reflects the exothermic nature of Cu sulfidation. -The Cu partition ratio increased from 11.2 to 13.9 with increasing final carbon content in the hot metal from 3.5 to 4.3 mass% around 1 573 K. The Cu partition ratio also increased with increasing final S content in the hot metal, and decreased with increasing final Cu content in the hot metal. -The experimental Cu partition ratio was lower than the calculated value based on the literature data. This gap may result from the difference in the starting materials, as Na 2 CO 3 was used here and pure Na 2 S was used in the literature. The influence of this difference was tentatively interpreted in terms of the optical basicities of the components in the melt. -The standard enthalpy change of the following reaction in the present system was estimated as -113 kJ mol The calculated value was reasonably close to the value for a Na 2 S-FeS-Cu 2 S system, and was different from the value for Na 2 SO 4 flux. This work was carried out as part of a project of NEDO (New Energy and Industrial Technology Development Organization) entitled "Advanced research project on enhancement of usage of hard-to-use ferrous scrap."
